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ii) do termination of the response of the aircraft 
to perturbation in state and control by direct 

solution of the equations of motion* 
ill 
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The dynamical characteristics with variation of K 
were studied* The aircraft is said to be superaugnented 

when K « K * 0 refers to conventional aircraft* 



gthens the convergent root* 







toting that a good dynamical system would be I nr a ri an 












CHAPTER 


INTRODUCTION 






aircraft using root locus and time response methods* 


Automatic control systems were used to compensate 
the stability of the aircraft as aircraft of early period 
(1910) were marginally stable* As World War I resulted 
in aircraft with inherently stable airframes* control 
system olayed its part in providing relief to the pilot 
during long flights* The tremendous increase In aircraft 
performance was accompanied by continual decrease in 
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aero dynamic efficiency and load distribution aid maneuvers! 
lity. 











the added advantages of Increased maneuverability* 


The price of better performance and maneuverability 
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The advantage of superaugmentation is that it is 
possible to optimize the aircraft configuration -without 








stud* 
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aircraft with variation of aerodynamic derivatives® The 
particulars of the representative aircraft on which the 

above study is made are also described® An analytical 
study of sensitivity of roots of the characteristic equation 
of longitudinal motion 9 to variation in aerodynamic derivative 
is made later in the chapter® The computational procedures 
used for the above studies are described at the end of 
the chapter® 

Chapter 3 discusses the results obtained from the 

computation of roots to variations in some aerodynamic 

of 

derivatives, control parameter and/time response to angle of 
attack perturbation and to step elevator inputs The results 
of sensitivity of the roots to variation in the aerodynamic 
derivatives about their nominal value is also discussed 
later in the chapter* 

Chapter 4 lists the conclusions, and suggestions 


for future work 



CHAPTER 2 


THEORY AMD COMPUTATIONS 


2 *1 Overview 

In this chapter, the method of studying the wariatio 1 
of the dynamical characteristics of the longitudinal motion 
of an aircraft with respect to variations of some aerodynamii 
derivatives and ©f the feedback control parameter is outline' 
The particulars of a representative aircraft on which the 
above studies are made are given briefly. An analytical 
study of the sensitivity of the roots of the characteristic 
equation of longitudinal motion with variation of some aero- 
dynamic derivatives and flight condition has been made* 

2.2 Equations of Motion 
2.2.1 Rectilinear Flight 

The longitudinal perturbation equations of motion 
in steady rectilinear flight of a conventional aircraft 
under the usual assumptions of small perturbations and 
linearity (of perturbed force and moment coefficients 
as a functions of perturbed variables of motion) are well 
known and may be found in standard textbooks on Dynamics of 
Flight [4], [8]* 
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These equations with reference to stability axes 
are given below in dimensional forms 
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where and ^ are respectively the airspeed and pitch 
angle in the reference flight condition? u s a f &, q and 
£ are the perturbation velocity# angle of attack, pitch 

attitude, pitch rate and elevator angle respectively* 
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The expressions for the above dimensional derivativ< 
in terms of nondimensional aerodynamic derivatives and fligt 

conditions are given In Table 2«1 . 

However , for aircraft provided with pitch attitude 
feedback to the elevator, the equations have to be suitably 
modified® It must be noted that the proposed feedback to 
the elevator is not the absolute value of pitch attitude, 
but the perturbation value with reference to the instan- 
taneous pitch attitude in the reference trajectory of the 
aircraft in the flight configuration considered® We may 
observe that the introduction of pitch attitude feedback to 
the elevator with gain K is equivalent to the introduction < 

i) an effective pitch attitude stiffness such that 

« M§ K where Mg is the elevator power. 

® @ e 

il) an effective normal force derivative Zq such that 

2U * Zg K where is the normal force derivati 
e e 

with respect to elevator deflection. 

ill) an effective axial force derivative Xg such that 

X* » X - K, where X* is the ax$al force 
9 6 © ° e 

derivative with respect to elevator. 

Therefore, the equation of motion of conventional 
aircraft with pitch attitude feedback would take the 
form. 





n ■= Xgti + )Cj. u + X a <x - g Cos^G + XgO + x 6 6 e 

* u © 



© - q . (2.2) 


However 9 since the effect of the elevator on the 
pitching of an aircraft is significantly more predominant 
in comparison with that on normal forces and axial forces* 
the effective force derivatives Zg and are ignored. Now 
it remains to add the term M g B to the pitching moment equation 
of motion of conventional aircraft® 

With the above approximation* the equation of motion 
of conventional aircraft with pitch attitude feedback reduces 
to the followings 

u « XJl + ** + \ a + X 6 
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2*2*2 Vert al Loo Mane ar 

The perturbation equations of motion of the aircraft 

in Maneuvers are not so well known as those in rectilinear 
flight* We consider for our study of longitudinal dynamics* 

& steady symmetrical vertical loop maneuver at constant 
load factor and constant speed* 

The equations in the above vertical loop maneuver 
for a conventional aircraft are, noting that in the reference 

* S 

trajectory ^ ~ ^ = 0 

X + Xj. * g Sin@ 1 * ra + Q^) » 0 

Z + g Cos © 1 * m (Wj - Q^} ® jg (Q^) 

M + Mj * Iyy Qi (2*4) 

The oitch rate Q of an aircraft is related to the 

1 

speed U-, the normal load factor n and the pitch attitude 
©I by the following relation* 

» g(n - Oo$0« )/U,j (2*5) 

By inspection of equation (2*4) * perturbation equations 


may be written a© 
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The additional term and Q^ti appearing in the pertui 

tion equation in a vertical loop Man ewer# compared to the corres 



It is further proposed to extend the above studies 













derivatives etc* required far the proposed studies were 
taken from [4] • These are shown in Table 2*2 under cruise 
configuration* 











A steady vertical loop maneuver at constant velocity 
and constant load factors of 4 was chosen for the study of 

the dynamics • Here the speed was chosen to be the same as 



conditions. Is studied over a range of values of the paramel 
about the nominal values® 





For instance, the nominal value of angle of attack 


stiffness M a for the example aircraft is -7.5. The above 

studies are made over a range of M a varying from “15 to 








aircraft vithoat feedback- For K«=1 f ** 0 and » M a . 

o 

This represents an aircraft of relaxed static st^>ility 











are given in 


*or an aircraft with pitch attitude feedback 
Appendix A* 

Primarily with a view to study the sensitivity of 
the longitudinal dynamics of the aircraft with respect to 
variation in derivatives t Mg and M » a root locus study 
of the characteristic equation was made fox variation of 
the above parameters over the range described earlier* This 
study was done only for the cruise configuration of the 
airplane the results of which are shown from Figure 3*f to 
Figure 3®5* 

The root l©eti were drawn for variation of distribute 
factor K over a range -1 to 41 * 

The sensitivity of the dynamical characteristics of 
the aircraft (as reflected in roots of the characteristic 
equation), with respect to the derivatives \k a p ^ and are 
determined from the root locus using finite difference method. 
This was done for the conventional aircraft and mip@raugmente« 
aircraft in cruise configuration [9 ] * The results of the 
above study is tabulated in Table 3*2* 

2*4 Analytical Study of Sensitivity 

An analytical study of sensitivity of roots of 
the characteristic equation with respect to aerodynamic 
derivatives and flight conditions is attempted with a view to 
determine the conditions on the super augmented control of 



tha air craft required for achieving low values of sensitivity 
of the roots* 


The sensitivity of the root $j with respect to the 
aerodynamic derivative is defined here in ncn-normali zed 
for® as follows? 
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The sensitivity of roots of characteristic equation of 
longitudinal motion of conventional aircraft with pitch 
attitude feedback with variation In M is given by 

M 
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c » The Sensitivity of Roots with Variation in Aircraft 
PeisTtv Factor^ 


The sensitivity of roots of characteristic equation 

of longitudinal *otion of conventional aircraft with pitch 
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CHAPTER 3 


RESULTS AND DISCUSSI^IS 

In this chapter, the results of the computations* 
presented in figures and tables are discussed* The 
dynamical characteristics of the aircraft see extracted 
from time response plots and from root locii. The 
effect of su per an gme nt at i on on the dynamical characteristics 
Is discussed* A comparative study of the results obtained 
for the five configurations is made. A summary of the 
results is presented in Table 3*1* 

The root locus with variation of M is shown in 

a 

Fig*. 3*1 for the conventional aircraft in cruise configurati 
the angle of attack stability M a is relaxed from -7*5 to 
®*0, the short-period mode degenerates from oscillatory 
convergence to subsidence • The long-period mode deteriorate 
from near oscillatory neutral stability to oscillatory 
divergence. Interestingly* when M is made positive, one 
long-period mode becomes stable and the other degenerates to 
short-period divergence* Also, one shorty-period mode 
degenerates to long-period divergence® 

Figure 3®2 shows the root locus with variation of 
M a for the pitch stabilized aircraft B -7*5). For the 




higher frequency 
Is reduced*. The 
may be antic ipat 
considered as au 
The long-period i 
tional aircraft 1 
As the angle of 













ffli 


The long- period mode for * -15*0 consists of 
moderate subsidence and a very light subsidence* For the 
superaugmsnted aircraft configurations we hare moderately 
damped short-period and heavily damped long-period 


subsidence® 









while the angle of attack stability is fully relaxed 
{M a « 0*0) and pitch stiffness is mad© negative (Mg - +15*0) 
the modes *vtiich were originally of long-period becomes 























aircraft, conventional and stiperaugsented, in both 2©ng-perio< 
and short-period mode* While the stability of the short- 
period modes is decreased (by about 25$) in comparison 
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neutrally stable (i«e* both roots are nearly at the origin}® 


The response to unit angle ©f attack disturbance 
in climb at 60° are shown in Fig* 3 ® 1 3 and Fig* 3® 14® 

The long— period response is oscillatory divergent for 
conventional aircraft and pure divergence by superaugmented 
aircraft® The long-period roots of the characteristic 
equation computed show consistent results with the response 











The response to unit angle of attack disturbance 
are shown in Fig® 3*15 and Fig© 3*16 for conventional 
and super augmented aircraft respectively* As in climb, 
the response is divergent for both the aircraft and thus 
one may conclude that in dive sup sr augmentation does not 
augment the stability* Short-period mode is more visible 
in conventional aircraft* The results of roots of 
characteristic equation computed in dive are consistent with 
response plot. 

The time responses of conventional and super augmented 
aircraft at the bottom of the vertical loop maneuver is 
shown in Fig* 3*17 and Fig® 3*18. The response is moderately 
convergent for conventional aircraft* The response for 
the superaugraented aircraft appears to be subsident* One may 
conclude that stability increases with super augmentation* 

The roots of the characteristic equation for the correspondin' 
cases has been computed* The time responses obtained are 
In consistency with the values of roots® 

Compared to stability in cruise the stability at 

the bottom of the vertical loop appears to be greater* 

This may be anticipated as one may know that the long-period 

damping is proportional to the ratio of sr 4, which is more 

V T 

in loop maneuver* the lift being 4 times that in cruise 
condition when Cq/C^ is generally minimum* 



roots 


lies to 






















root degenerate® to real root, the sensitivity of two roots 
to variation in M a is marginal* 

It may he observed from Table 3*2 that short-period 
damping is slightly more sensitive to variations in M for 

M 

super augmented aircraft compared to conventional aircraft* 
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From Table 3«2* we find that short-period damping 
is quite insensitive to variations in Mg whereas short- 
period frequency Is comparatively sensitive about nominal 
value of M 0 « -7 ©5 e The long-period roots are almost 
insensitive to variations In * 

In conclusion,, one may observe that there is In 
general improvement of the insensitivity of roots of 
the longitudinal dynamics with respect to M a and for 
the super augmented aircraft in comparison with the conventional 
aircraft about their nominal values « 
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Table 


Soma Elementary Feedback Control Possibilities to 
Correct the Stability Deficiencies of Aircraft with 
Relaxed Static Stability ( Ref© t ) 
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Table 2*1 (Continued) 
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FIG. 3*14 RESPONSE TO UNIT ANGLE OF ATTACK DISTURBANCE IN CLIMB AT 60* FOR 
SUPERAUGMENTED AIRCRAFT (M« = 0.0 , M 0 = - 3.724 ) 
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APPENDIX A 


Expressions for the Coefficients 
Equation of Longitudinal .Motion 


of the Characteristic 


The characteristics equation of the controls fixed 
longitudinal dynamics of a rigid aircraft is given by 
f(s| “ As + Bs + Cs + Bs + E »a 0* 

Hie coefficients of the characteristic polynomial are 
given by the following expressions* 
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